By harnessing aspects of quantum mechanics, communication and information processing could be radically transformed. Promising forms of quantum information technology include optical quantum cryptographic systems and computing using photons for quantum logic operations. As with current information processing systems, some form of memory will be required. Quantum repeaters, which are required for long distance quantum key distribution, require quantum optical memory as do deterministic logic gates for optical quantum computing. Here we present results from a coherent optical memory based on warm rubidium vapour and show 87% efficient recall of light pulses, the highest efficiency measured to date for any coherent optical memory suitable for quantum information applications. We also show storage recall of up to 20 pulses from our system. These results show that simple warm atomic vapour systems have clear potential as a platform for quantum memory.
quantum gates. A practical optical quantum memory could overcome the current limits to QKD 5 and optical quantum computing 6 .
Many protocols have been proposed in order to realise such a memory device, these include electromagnetically induced transparency (EIT) 7 , off-resonant Raman interactions 8 , controlled reversible inhomogeneous broadening (CRIB) [9] [10] [11] , atomic frequency combs (AFC) 12 , and spin-polarization 13 . Of these techniques, the most impressive efficiencies so far attained are 43% using EIT 14 and 35% using AFC 15 .
In our work we use the Gradient Echo Memory (GEM) scheme. The key to GEM is the use of an external field that induces a linear atomic frequency gradient in the direction of propagation.
The frequency gradient means that the spectral components of the input light are encoded linearly along the length of the cell. Modelling has recently shown how this frequency encoding nature of GEM can be used to manipulate stored information allowing spectral compression, frequency splitting and fine dispersion control of pulses while they are stored in the memory 16 . Recall is achieved without π-pulses simply by reversing the field gradient (see Fig. 1a ). This technique has been implemented in two-level praseodymium ions where recall efficiencies of 69% have been shown 17 . In this solid state system, the frequency gradient is applied using an electric field to induce a Stark shift. Furthermore using AFC it has been demonstrated that optical information can be mapped into ground states of praseodymium atoms doped into crystal 18 . The GEM scheme has also been adapted to three-level Λ structured atoms (Fig. 1b ). This protocol makes it possible to reorder a stored pulse sequence allowing recall of any individual pulse at any chosen time 19 . This approach could work as an optical random-access memory for quantum information encoded in time-bin qubits. The Λ−GEM scheme uses long-lived atomic ground states for storage allowing a substantial increase of memory lifetimes compared to two-level GEM 20, 21 . Using ground state coherences also enables a wider range of atomic systems, such as alkali atomic ensembles, which are easy to address with diode laser systems and can be contained in simple off-the-shelf vapour cells.
Furthermore, it has recently been shown that vapour cells can be prepared with a single compound alkene based coating in order to achieve spin relaxation times of the order of few seconds 22 .
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Here we present results of a Λ−GEM experiment where memory efficiencies greater than 80%
have been coherently measured from a warm rubidium vapour. We also report on the storage and recall of 20 pulses. The current results show great potential of this memory scheme for storage of quantum states of light.
Results
The experimental setup is shown in Fig. 1c . To prepare the signal beam, a fibre coupled phasemodulator was used to produce sidebands at the ground-state hyperfine splitting of 87 Rb (6.8 GHz).
The beam was sent to a cavity (finesse=100) resonant with the +6.8 GHz sideband to filter out the carrier and the -6.8 GHz sideband. Both the coupling and signal beams were intensity controlled using acousto-optic modulators (AOMs). Signal pulses were prepared with a peak power of < 2 µW. The signal pulses and control beam were then combined with the same linear polarisation using another cavity (also finesse=100) resonant with the signal field. The control and signal fields were converted to circular polarisation and sent into the gas cell. After the cell, the signal field was coupled to a single mode fibre and sent to a heterodyne detection system. The coupling of the control field to this fibre was weak due to its larger mode diameter (for more details see Methods section). The input pulse, shown in black, has a 1/e 2 width of 2µs. We measure the power in this input pulse by recording the far off-resonance transmission through the gas cell without the control field. We measured no noticeable absorption from the atomic ensemble under these conditions and we can use the total energy in this pulse (the area under the curve) to normalise the recall efficiency of our storage experiments.
In Fig. 2b after flipping the magnetic field gradient we recall the signal light with a maximum efficiency of 87% . The storage time in this case is 3.7µs peak-to-peak, or exactly one pulse width between the 1/e 2 points power levels to ensure complete separation of the input and recalled pulses.
The recall efficiency drops rapidly for longer storage times, although for these data the control field was on at all times. In Fig. 2c we show results of recall experiments where the control field was switched off during the storage phase of the experiment. In this case we find slower decay of the recalled pulse since we have now reduced the decoherence caused by the control field. The pulses in these data are slightly compressed on recall due to a higher magnetic field gradient used to recall the signal light, which is the reason for the peak recalled power exceeding the input peak power.
We can achieve slightly higher efficiency using compressed pulses since the total storage time in the medium is reduced.
In Fig. 3a we show the storage and recall of 20 Gaussian pulses with an overall efficiency of 2%. For this experiment the control field power was reduced from 370 mW to 64 mW to reduce the decay rate of the memory. The lower optical depth in this case limits the efficiency of the storage and recall. From this data we can infer a delay-bandwidth product (DBP) 24 of ∼40 for the our memory. This is comparable to a recent demonstration of 64 pulses delayed using AFC with efficiency of 1.3% 25 . Fig. 3b demonstrates frequency shifted recall of a pulse 16 . This was achieved by applying an offset magnetic field after the magnetic field gradient was flipped to increase the splitting of the atomic ground states. On recall the pulse is shifted by the added splitting, which in this case is 600 kHz, as seen by the interference fringes in the heterodyne signal. The presence of interference fringes proves the coherent recall of our memory.
Discussion
To understand the limits of our atomic system, we now examine some theoretical aspects of the scheme. Assuming far-detuned Raman interaction, the system depicted in Fig. 1a can be treated as a quasi two-level atom. One can write the Maxwell-Bloch equations for the atom-light interaction scheme depicted in Fig. 1a in terms of atomic coherence σ 12 and electric field amplitude E,
where
is the effective linear atomic density, g is the atom-light coupling, δ(z, t) is the additional splitting between the two ground states (two-photon detuning) due to the magnetic gradient, Ω c is the control field Rabi frequency, and ∆ is detuning from the excited state. The dephasing rate of |1 to |2 , γ 12 in Eq.1, includes population shuffling due to atomic collision and other dephasing mechanisms such as the power broadening 26 caused by Spontaneous Raman Scattering (SRS). Based on our experimental conditions, the rate of spontaneous emission due to the signal beam is found to be 2π × 1 Hz at pulse peak intensity. The scattering rate due to the control field, on the other hand, is found to be ∼ 2π × 30 kHz at ∆ = 3 GHz and a power of 370 mW.
In the case of EIT systems, the effect of four-wave mixing (FWM) attributed to the interaction of the control field with the F = 1, m F = 1 level is proven to affect memory performance at large optical depths 14, 27 . In these experiments a double−Λ transition appeared in the system aided by the presence of a seed Stokes field at -6.8 GHz generated by the EOM. In our experiment the -6.8 GHz sideband seed is rejected by two cavities that are on resonance only with the +6.8 GHz sideband, thereby eliminating any contribution of coherent FWM to our system.
To understand the contribution of the control field induced scattering we investigated memory behaviour both in the presence and absence of the control field during the storage time. The control field can be switched off during the storage time without affecting the memory protocol. We can gain some insight into our system by considering a simple model that includes an atomic diffusion 5 time, τ d , a total ground state decoherence rate, τ 0 , and a maximum possible memory efficiency, η 0 , limited by the optical depth. The efficiency η m will then be given by Fig. 4a(i) shows the efficiency as a function of storage time when the control field is on. Taking into account the signal beam radius of 3 mm and 0.5 Torr Kr buffer gas, one can calculate the diffusion time of the atoms, defined as the time that a fraction 1/e 2 of atoms have moved a distance greater than the radius of the signal beam, to be τ d = 22µs. This value was fixed in our model allowing us to fit only the ground state decay time, which was determined to be τ 0 = 4µs corresponding to a decay rate of 2π × 40 kHz. This is consistent with the scattering rate of 2π × 30 kHz calculated above, from which we conclude that our system is limited in this regime by control-beam induced scattering.
We note, however, that this may not be the case for very short storage times where the decay is not exponential and does not agree with our simple model. This effect can be attributed to the highly photonic nature of the memory for short storage times. The pulse, in this case, has yet to be fully mapped into the atomic spin wave. The impact of the scattering, collisional and diffusion decay terms will vary as the light is absorbed into the atomic ensemble leading to decay of the memory that differs from the model at short times.
The scattering rate can be minimised by switching off the control field during the storage.
Atomic diffusion then becomes the dominant decay mechanism, hence a more Gaussian-like decay is expected. The curve in Fig. 4a(i) is the result of a convolution of a Gaussian decay function (τ d = 22µs) due to diffusion and an exponential decay function due to the ground state decoherence. The fitted exponential decay time in this case is τ 0 = 60µs, giving a decay rate of 2π × 2.6 kHz. This is still much higher than the collision limited ground state dephasing time, but this is expected because the decay rate in this case varies as the control beam is switched on and off over the course of the experiment.
We also studied the effect of the control field power on the memory efficiency for storage times of one-pulse width. As can be seen in Fig. 4b , the recall efficiency saturates with increasing control field power. This is because increasing Ω c can effectively provide higher optical depth as long as ∆ Ω c . In this case the effective atom-light coupling strength can be described as g = gΩ c /∆.
If Ω c is further increased beyond this limit, the system can no longer be described by a simple quasi two-level atomic ensemble and there is no further improvement in optical depth.
The presence of the strong control field could lead to noise sources in our memory due to spontaneous emission and Raman scattering into the mode of the probe beam. To investigate these possible noise sources we measured the noise spectrum of the probe mode as shown in Fig. 4c .
With no control field present we observe the shot noise of our detection system (blue) which The best way to quantify the efficacy of a quantum memory will depend on the application.
In order to quantify how the measured efficiency of our memory would translate into a coherent state quantum memory, we can follow the model presented by He et al. 28 where it is shown that a linear quantum memory has fidelity (F c n )
for coherent states with average photon numbern and memory efficiency η m . Given that our memory is linear, and assuming that no extra noise is added to the stored states, we can calculate the range of coherent amplitudes for which it can act as a quantum memory, as shown in Fig. 5 .
This shows, for example that we could store coherent states up ton = 10 for times less than 6 µs, or states withn=1 for 21 µs.
In conclusion, we have shown light storage in warm vapour gas with more than 80% memory efficiency using Λ−GEM technique. All measurements were made using coherent heterodyne detection. We have demonstrated a time-bandwidth product of ∼ 40 and controlled frequency shift of the recalled pulse. The decay rate of our memory can be controlled by minimising the use of the control beam to the extent that for longer storage times we become limited by atomic diffusion.
If applied to coherent state storage, our scheme could perform as a quantum memory for states containing up to 10 photons. Raman interaction of a weak signal field and a strong control field, both having σ + polarization,
transitions respectively, as shown in Fig. 1b . These fields are blue-detuned by ∆=3 GHz from the excited state.
The temperature of the cell was held around 78 o C using a bifilar resistive heater wrapped around the cell. We estimate the number of atoms in the signal beam mode volume to be 4×10 12 .
Considering the corresponding Clebsch-Gordan coefficients 29 , approximately 65% of these atoms will be located in F = 1, m F = 1 state with the rest of the population located in F = 2, m F = 2. To create the frequency gradient, two specially wound magnetic coils surrounding the cell were used to produce opposing linearly varying Zeeman shifts along the cell 19 . Switching current between these coils created a switchable atomic frequency gradient in our storage medium. To recall the pulse, one coil is switched off and one is switched on within 0.5 and 2.5 µs, respectively. 
